The Random Amplified Polymorphic DNA (RAPD) assay was used to study genetic variation within and between 9 species of the genus Bulinus and to determine whether RAPD profiles could be used as markers for identification purposes. RAPDs were generated with 8 primers of two different sizes (lOmers & 15mers) and were visualised using both polyacrylamide gel electrophoresis (PAGE) with silver staining and agarose gel electrophoresis with ethidium bromide staining. The species groups of Bulinus had few similarities in their RAPD profiles and there was interspecific variation within groups. Intrapopulation variation was observed, with all primers, for B globosus collected from a single site in Zimbabwe PAGE/silver staining methods visualised a greater number of RAPDs in comparison with agarose/ethidium bromide methods. Phenetic analysis indicated that distance estimates between taxa were sometimes non-additive and the phylogenetic analysis of such non-metnc data is discussed. The resultant phenograms, constructed using a least squares method, were constrained almost into a polytomy with topologies often differing between data sets. It was concluded that this phenomenon was most likely attributable to large nucleotide divergences between the species groups which go beyond the phylogenetic scope of RAPD analysis. RAPD profiles, when used in conjunction with other taxonomic methods, may contribute to the identification of species of Buhnus on a regional basis, but the observed variability in a natural population suggests that a diagnostic RAPD profile for each species throughout its geographic range is unlikely.
INTRODUCTION
African planorbid snails of the genus Bulinus Mailer, 1781 are the intermediate hosts of Schistosoma haematobium Bilharz, 1852 and related species, which are trematode parasites responsible for the debilitating disease schistosomiasis in man and domestic animals. Bulinus have long been recognised as a taxonomically difficult assemblage, with species differing in their susceptibility to schistosomes (Wright, 1971) . The most recent treatment of the genus, utilising taxonomic features such as shell morphometry, chromosomal number and soft part anatomy, lists some 37 species which are commonly assigned to four groups; the B. truncatus/tropicus complex, the B. forskalii group, the B. africanus group, and the B. reticulatus group (Brown, 1994) . However, morphological features are known to exhibit considerable variation, which can hinder correct identification. Alternative techniques for identification have therefore been investigated involving enzyme electrophoresis (Jelnes, 1986; RoUinson, 1984; Wnght, 1971 ) and more recently DNA based approaches. The latter include: RFLP analysis of nbosomal genes (RoUinson & Kane, 1991) and the production of species specific DNA probes (Strahan, Kane & Roliinson, 1991) .
So far, molecular DNA techniques based on the Polymerase Chain Reaction (PCR) have found limited application in the systematics of Bulinus, other than a preliminary study of three species (Langand, Barral, Delay & Jourdane, 1993) utilising the Random Amplified Polymorphic DNA (RAPD) assay (Welsh & McCelland, 199O, Williams, Kubelik, Livak, Ravfolski & Tingey, 1990) . Langand et al. (1993) demonstrated genetic differentiation between two closely related Bulinus africanus group species, B. globosus and B. umbilicatus, derived from field populations sampled in the Ivory Coast and Niger respectively. Population specific RAPD markers were also found for B forskalii from Cameroon, Equatorial Guinea and Ivory Coast and were subsequently used to identify cross-and self-fertilised offspring from breeding experiments (Langand et al., 1993) .
In essence, the RAPD assay utilises a novel feature of the PCR such that a single oligonucleotide primer of arbitrary nudeotide sequence and length (between 5-20 bases) is used to initiate DNA strand synthesis. This primer will anneal, under conditions of low stringency, to a number of complementary binding sites scattered throughout the target genome and ensuing thermal cycling often generates several amplification products within a single reaction. Such products (RAPDs) are subsequently separated by either agarose or polyacrylamide gel electrophoresis and visualised with either ethidium bromide or silver staining. The value of the RAPD assay, albeit under the guise of different acronyms describing slight variations in laboratory protocol, for the study of inter-and intraspecific variation of organisms is now recognised (Chalmers, Waugh, Sprent, Simons & Powell, 1992; Hadrys, Balrick & Schierwater, 1992; Newbury & Ford-Lloyd, 1993; Okamura, Jones & Noble, 1993; Rollinson & Stothard, 1994) . RAPDs have also been used to produce phytogenies for various groups (Crossland, Coates, Grahame & Mill^l993; Kazan, Manners & Cameron, 1993; Kaukas, Dias Neto, Simpson, Southgate & Rollinson, 1994; Landry, Dextraze & Boivin, 1993; Stiles, Lemme, Sondour, Morshidi & Manshardt, 1993; Tibayrenc, Neubauer, Barnabe, Guerini, Skaracky & Ayala, 1993) .
The aim of the present study was first to investigate if RAPDs could discriminate between the species groups, species and individuals of Bulinus and secondly to ascertain whether phenetic relationships derived from RAPD data confirm or conflict with the existing, classification of the genus.
MATERIALS AND METHODS

Snail material
Nine species of Bulinus defined on morphological grounds and Biomphalana sudanica (a suitable phylogenetic outgroup) maintained as laboratory cultures at the Experimental Taxonomy Division (ETD), Natural History Museum (Table 1) formed the basis for this study. The cultures were derived from wild populations and had been in the laboratory for varying periods of time. Five snails were selected from each culture for individual DNA extraction with the exception of B. globosus (no. 1805) from Zimbabwe of which 12 individuals from a field population were used (referred to as Al-12).
DNA extraction
Individual snails were isolated prior to DNA extraction, without food, in an antibiotic solution (ampicilun 100 ug/ml) and left overnight at 4°C to minimise prokaryotic growth. DNA isolation was performed according to Doyle & Doyle (1987) with some modifications. Bnefty, head and foot tissue were removed from each individual snail taking care not to rupture the digestive organs and placed directly into an eppendorf containing liquid nitrogen. This tissue was subsequently ground in 0.6 ml of lysis buffer (lOOmM Tris-HCL, pH 8 0, 1.4M NaCl, 1993 1992 1972 1990 1989 1991 1993 1993 1979 1993 1976 20mM EDTA, 2% Hexadecytrimethlammonium bromide (CTAB), 0.2% 2-mercaptoethanol) and incubated at 65 °C for 45 minutes. Nucleic acids were extracted by adding 0.6 ml of chloroform-isoamylalcohol and shaken for 2 minutes. Samples were then spun in a microfuge for 5 minutes at 14,000 g, the supernatant was removed without disturbing the organic/aqueous interface and placed into a new eppendorf containing 0.6 ml of absolute ethanol and 25 ul of 3M sodium acetate. DNA was precipitated during incubation at -70 °C for 30 minutes and then pelleted by centnfugation for 15 minutes at 14,000 g. The supernatant was decanted off and the pellet was washed in 70% ethanol to remove excess salts, vacuum dried and then re-dissolved in 65 ul TE buffer (10 MM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8 0) and subsequently stored at 4°C. The presence of intact genomic DNA from each individual was ascertained by agarose electrophoresis, any samples containing an excess of sheared DNA were subsequently discarded. The concentration of DNA from retained samples was determined using a Hoefer TKO-100 DNA fluorometer with Hoechst 33258 dye. DNA from 5 individuals was subsequently pooled, according to concentration, to form a 'species' sample. PCR amplifications were then performed on individuals and also on the pooled samples
Agarose electrophoresis
The reaction mixture (35 ul) was subjected to 2.0% agarose electrophoresis (10 V cm' 1 ) for 2 hours, in 1 x TAE buffer and stained with ethidium bromide. The low molecular weight DNA ladder (Cambio Biosciences, UK) was used as a marker for both agarose and PAGE electrophoresis. Gels were photographed under UV light with Polaroid film type 55.
PAGE electrophoresis
The reaction mixture (6 ul) was subjected to PAGE (2 V cm" 1 ) overnight using 7% acrylamide, with a 4% PAGE stacker gel to improve band resolution, mix TBE buffer. Silver staining was carried out by the method, somewhat modified, of Bassam, Caetano-Anollis & Gresshoff (1991) according to the following protocol: 1) gel fixation; 30 min in 12J% TCA solution, 2) gel dehydration; 3 x 30 nun in 50% ethanol, 3) gel impregnation; 20 min in 0.2% silver nitrate/0.075% formalin, 4) gel wash, 2 x 20s in distilled water, 5) gel development; 15 min in 0.6% sodium carbonate/0.075% formalin, 6) gel fixation; 10 mm in 50% methanol/12% acetic acid. Gels were photographed with Polaroid type 51 film using a blue filter prior to drying under vacuum onto filter paper.
DNA amplification
Twenty-eight pnmers designed for RAPD analysis were obtained from Operon Technologies Ltd and British Biotechnology. All 28 primers were initially screened using Biomphalana DNA. Eight pnmers (four lOmers and four 15mers) which gave reproducible RAPD fingerprints and did not give rise to amplification products in the negative controls were selected for further amplifications. Pnmer sequences (5' to 3') were 15 mers: RJS2 = TTTGTCGCCAC-CGGA, RJS 3 = GCCGCTATAGCGTGC, RJS 4 = TCGGTTCAACTAAAG, RJS 6 = CTCTGCTG-GCCTAGG; 10 mers: OPA 2 -TGCCGAGCTG, OPA 10 = GTGATCGCAG, OPA 11 = CAA TCGCCGT, JRSS 1 = AGCCAGCGAA. Amplifications were modified from those of Williams et al.
(1990) and were performed in a total reaction volume of 50 ul containing 100 mM Tns-HCL pH 8.8, 3mM MgOi, 2.5U of Taq DNA polymerase (Promega), 50pmols of primer and approximately 40ng of template genomic DNA. The reaction mixture was overlaid ..with a single drop of mineral oil to prevent evaporation. Thermal cycling was performed in a Hybaid air cooled thermal cycler programmed for 38 cycles of 15s at 94 °C (denaturing), 30s at 40 °C (annealing) and 90s at 72 °C (extension). Amplifications for 'species' samples for each primer were performed concurrently to minimise potential sources of variation between runs. Pipetting was performed using pre-sterilised filter tips to avoid PCR 'carry over' and negative controls without genomic template were run to check for DNA contamination.
Data analysis
Agarose and polyacrylamide gel RAPD profiles were digitised using the program MOLMATCH (University of Glasgow 1991, UVP Life Sciences). Each RAPD fragment was assigned a molecular mass and recorded in a binary matrix for each taxa as present (1) or absent (0). Only unambiguous fragments that were under 2 Kbp were included in the data matrix. A Chi-square (X 1 ) test was performed on the ethidium/agarose data matrix to ascertain if there were differences between species for the number and size of RAPD fragments. B. globosus Al-12 was not included in this test. Pairwise similarities (S) were calculated between taxa as Dice's coefficient (Jackson, Sommers & Harvey, 1989) , algorithmically identical to the F statistic described by Nei & Li (1979). Thus separate data matrices were obtained for RAPDs generated using lOmers and 15mers utilising both electrophoretic methods. These were successively pooled to form matnces for all primers using either agarose or PAGE method. The similarity matrices were then transformed into distances (d) using the formula d = 1 -S (Swofford <&. Olsen, 1990). The distance matrices were subjected to cluster analysis using the phylogenetic inference package PHYLIP (V3.5 phylogenetic inference software; Felsenstein, 1993) . Additivity of the matrices were tested using the program FITCH in PHYLIP which is able to identify the presence of negative branches (Williams, 1992) . If additivity could be demonstrated matnces were subsequently clustered using the program NEIGHBOR in PHYLIP with the UPGMA (unweighted pair group method with arithmetic mean) algorithm, therefore assuming both additiviry and ultrametncity (Williams, 1992) . However, if additivity could not be demonstrated the matrices were again clustered with FTTCH but with the following options: prohibit negative branches, include both global tree rearrangements and jumbling (J = 10). FITCH utilises the weighted least squares optimisation method of Fitch & Margohash (Felsenstein, 1993) . Phenograms were plotted with the program DRAWTREE in PHYLIP and cophenetic correlation coefficients were calculated between the original distance matrix and the distance matrix inferred from the resultant phenogram (Sneath <f e Solcal, 1973). Pearson product-moment correlations were also performed between the distance matrices and viewed by scatter plots.
RESULTS
Amplification of DNA from Bulinus
The RAPD assay produced a series of discrete DNA fragments which typically varied in intensity and size from 50-3000 bp. RAPD profiles for the eight chosen primers were reproducible in terms of presence/absence both 'within runs' and 'between runs'. Although there were differences in staining intensity of RAPD fragments between profiles this was not scored as real variation. Laboratory cultures sampled in this study were monomorphic and as a consequence 'species' samples were reflective of their pooled counterparts. RAPD profiles for the species groups and species of Bulinus were observed to contain few similarities (Fig. la) . B. globosus individuals taken from the field exhibited variation (Fig. lb) and intrapopulation variation was detectable with all primers.
Electrophoretic methods and primer size did determine the number of amplified fragments such that a greater number were produced when using shorter primers and more were visualised using PAGE/silver staining compared with agarose/ethidium bromide ( Table  2 ). The size distributions of these fragments are illustrated (Fig. 2) . RAPDs dearly show a skewed distribution in favour of fragments in the range 250-500 bp. There was no significant difference, however, in the number and size of amplified fragments generated between taxa (X 2 =60.8, 60 d.f., P > 0.1) although the RAPD profiles of the species under examination were distinctive.
Phenetic analysis of RAPD data
Phenetic analysis was performed on the 'species' samples and individual B. globosus taken from the field. Construction of similarity matrices for the 10 or 15 mers and different electrophoretic methods illustrated that Biomphalana sudanica had varying degrees of similarity to members of Bulinus ranging from a maximum of 0.421 with B. tropicus (lOmers PAGE method) to a minimum of 0.1316 again with B. tropicus (15mers agarose method). Pairwise similarities between members of Bulinus ranged from a maximum of 0.7297 between B. globosus A 10 and B. globosus All (15mers agarose method) and to a minimum of 0.05 between B. cemicus and B. globosus A6 (lOmers PAGE method). Productmoment correlations between the distance data matrices derived from different sized primers and electrophoretic methods indicated corroboration of distance estimates between taxa suggesting that the different experimental methods were in broad agreement. The highest correlation (r = 0.85) was observed between the lOmer/agarose and the 15mer/agarose distance matrices whilst the lowest correlation (r = 0.603) was between the lOmer/PAGE and the 15mer/agarose distance matrices. Scatter plots of the pairwise distance matrix correlations based on all primers identified, by visual inspection, some overall trends. For example, there appeared to be two separate clusters of data points (Fig. 3) and agarose methods when compared to PAGE methods gave a higher estimate of distance between a given pair of taxa. Distance matrices for all primers using both agarose and PAGE methods are deposited at the Experimental Taxonomy Division, Natural History Museum, and are available upon request.
Clustering of the distance matrices with FTTCH identified the presence of negative branch lengths demonstrating that the data were non-additive (Williams, 1992) and therefore precluded UPGMA cluster analysis. These negative branches, although topologically small, were not eliminated by either square root transformation of the distance matrices or by excluding Biomphalaria, the designated outgroup, from the data set. Further analysis with FTTCH of the separate distance matrices derived from individual primers ascertained that all distance matrices showed non-additivity. Clustering of the distance matrices for all RAPDs derived from either the PAGE or agarose methods generated the illustrated phenograms (Fig. 4) . The cophenetic correlation coefficients between the original distance matrix and those inferred form the tree for the two illustrated phenograms were 0.944 and 0.905 respectively, indicating that the phenograms were very good representations of the distance matrices (Sneath & Sokal, 1973) . The average percentage sum of squares (%SD) values for the two phenograms were also small, 4.11 and 4.83 for PAGE/silver and agarose/ethidium bromide methods respectively. The lowest cophenetic correlation between distance matrix and phenogram was observed for the 15mers using agarose electrophoresis (r^ = 0.767), with a %SD value of 6.98. In all the generated phenograms, the resolution between the species groups and species of Bulinus was constrained almost into a polytomy or 'star 1 , and notable was the short distance of the designated outgroup from members of the ingroup. This unusual occurrence must indicate either 1) that this phylogenetic distance is being grossly underestimated with the RAPD assay or 2) that the outgroup is highly convergent to some members of the ingroup. Removal of the outgroup did not affect the topology of the phenograms, therefore precluding the latter. The Zimbabwean B. globosus individuals formed their own distinctive cluster, with deep rooted branches between members. Clustering of these individuals was compatible among data sets with Figure 3. Scatter plot of PAGE/silver staining distance data against agarosc/ethidium bromide distance data utilising all primers members dichotomising into two groups containing B. globosus Al-6 and B. globosus A8-12 respectively, although B. globosus A7 did vary in its affiliations ( Fig. 4a and 4b) . The topologies of the species groups between the data sets were less consistent. 
DISCUSSION
RAPD analysis has revealed considerable DNA differences among 9 species of Bulinus. Most of the samples were from laboratory populations and may have undergone, due to long-term culture, various bottlenecks and unintentional selection. As these snails are capable of self-fertilisation (Jarne, VianeyLiaud, & Delay, 1993) , it is not surprising that limited intrapopulation variation was observed. Similarly, Langand et al. (1993) reported limited intra-population variation for B. forskalii. In addition, RAPD analysis of Biomphalana glabrata, the intermediate host of Schistosoma mansoni, has revealed remarkable heterogeneity between populations whilst intrapopulation variation is almost non-existent even within field populations (Vidigal, Neto, Carvalho & Simpson, 1994) . Interestingly, in our study the wild-caught B. globosus showed individual variation that could be of value for linkage analysis. RAPD assay clearly has certain practical advantages for detecting DNA variation: it is technically less demanding, cheaper and quicker than other DNA fingerprinting methods. PAGE electrophoresis and silver staining methods enabled visualisation of a greater number of RAPD fragments compared with agarose electrophoresis and ethidium bromide staining. PAGE electrophoresis is known to increase the resolution of band separation and silver staining is more sensitive than ethidium bromide (Caetano-Anolle"s, Bassam & Gresshoff, 1992; Hadrys et al., 1992) . We have noted that smaller sized RAPD fragments (< 400 bp) identified as a single fragment by agarose electrophoresis were often, when separated by PAGE, a composite of several fragments and within this size range agarose electrophoresis obtained a poorer separation. Fragments larger than 500bp, when visualised by agarose electrophoresis, were a subset of those visualised by PAGE. A small difference in the number of amplified fragments between the lOmers and 15mers was observed, suggestive that some of the RAPD fragments generated with the 15mers resulted from a primertemplate mismatch. Most studies using standard RAPD analysis and agarose gels have found 10 bp primers to be satisfactory although longer primers can also generate informative RAPD profiles (Crossland et al., 1993; Welsh & McClelland, 1990) .
A variety of methods have been used for phylogenetic analysis of RAPD data, but there is no universally approved method (Rollinson & Stothard, 1994) . Both cladistic methods (Megnegneau, Debets & Hoekstra, 1994; Ralph, McClelland, Welsh, Baranton & Perolat, 1993 ) and phenetic methods (Crossland et al., 1993; Demeke, Adams & Chibbar, 1992; Kazan et al., 1993; Kaukas et al, 1994; Tibayrenc et al., 1993) have been employed. However, in our view cladistic analysis of RAPD data is inappropriate, since in this method the shared absence of a character cannot be informative. Phenetic analysis, using Dice's coefficient, does not assume the shared absence of a RAPD fragment to be informative as homology is only determined by shared presence of RAPD fragments. In this study, cluster analysis of RAPD matrices identified that some branch lengths were negative indicating non-additive data, and this phenomenon has been encountered previously according to our analysis of other data sets (Okamura et al., 1993; Stiles et al., 1993; Tibayrenc et al., 1993) . Non-additivity is a common failing of distance methods, usually detectable from the violation of a metric constraint, namely the triangle inequality (Williams, 1992) . Felsenstein (1984) , however, argues that non-additive distances can still be informative if a least squares method, utilising a statistical framework, is used to analyse the data such that the observed tree branch lengths are not real path lengths, but instead random variables which vary around an expectation (which may or may not itself be a path length).
If we accept Felscntein's argument the unstable affiliations of the B. forskalii and B reticulatus groups are easily explainable. As the species group resolution of the phenograms was constrained almost into a polytomy, small stochastic variations in distance estimates between species will be reflected in small but topologically significant rearrangements of the resultant phenograms. In short, predicted variation of distance estimates around an expectation may well cause significant topological tree rearrangements if the species inter-node branch lengths on the tree are smaller than the distance estimates variance. In addition, the phylogenetic distance detectable with RAPDs between the species groups and species was weak, if present at all, and appears to be grossly underestimated by RAPD analysis. This was verified by the short distance between Buhnus and Biomphalana. These extremely short inter-node branch lengths further reduced the stability of the dendrogram. Clark & Lanigan (1993) stipulate that for a reliable phylogenetic signal between two taxa to be detectable with RAPDs there must be less than 10% nucleotide divergence, otherwise their simulations show that, as nucleotide divergence increases, the variance in the estimate of divergence becomes too great to be informative. The relationship between true and estimated nucleotide divergence at values of greater than 10% remain unclear. We can therefore speculate that nucleotide divergence between the B. forskalii and B. reticulatus groups may be in an excess of 10%. In confirmation, Langand et al. (1993) reported interpopuiation similarity of B. forskalii from the Cameroon, Ivory Coast and Equatorial Guinea to range from 0.57 to 0.74, therefore inter-and intraspecies group values should be substantially smaller than 0.57.
The phylogenetic relationships of B. africanus group members did have some-congruencies between data sets although there were some discrepancies. Most notable, the Zimbabwean B. globosus failed to group consistently with B. globosus from Zambia. Enzyme studies have revealed differences between some species in this group (Jetnes, 1979; Rollinson & Southgate, 1979) . Using RAPDs, Langand et al. (1993) were able to differentiate B. globosus from the Ivory Coast and B. umbilicatus from Niger, producing a similarity estimate of 033. It is difficult to directly relate this value to those found in this study (which ranged from 0.325 to 0.240), as Langand et al. (1993) used RAPD primers of different nucleotide sequence and also used populations that may have undergone various bottlenecks and unintentional selection through long-term culture.
In contrast to the other species groups, the B. truncatus/tropicus complex had more stable affiliations. B. truncatus 751 and B. truncatus 1718 consistently grouped together and also sometimes with B. tropicus. Phylogenetic signals within this group may still be detectable with RAPDs. B. truncatus is an allotetraploid (2n = 72) (Brown, 1994) . B. truncatus 751 is representative of B. coulboisi (Bourguignat) which Brown, Matovu & Rollinson (1982) have shown to be a southern form of B. truncatus and should not be regarded as a separate species. Enzyme electrophoretic analysis of B. truncatus has shown that intra-population variability is low, and although some inter-population variability occurs over a large geographic scale (Njiokou, Bellec, Jarne, Finot & Delay, 1993; Jelnes, 1986; Wright & Rollinson, 1981) , it may be that nucleotide divergence within this group is limited perhaps within the range suitable for RAPD analysis.
The data suggest that RAPDs can clearly show differences between species groups, species and populations of Bulinus although it is unlikely that there will be a RAPD profile that will be diagnostic for.each species. Classification methods utilising RAPD profiles to assign 'unknowns' to a RAPD dendrogram will be unreliable as it is likely that some members of the genus are genetically too divergent to permit a confident phylogenetic inference. Indeed, Biocca, Bullini, Chaubaud, Nascetti, Orecchia & Paggi (1979) proposed to split the genus, according to observations of genetic distance between species, into three separate genera with the B-africanus group revised to the genus Physopsis. This new classification, however, has not been adopted as there are no reliable morphological characters to support such a distinction (Brown, 1981) . RAPDs may therefore prove useful, in conjunction with other taxonomic techniques, to study intraspecific variation within a clearly defined geographic area. To resolve the phylogeny within this genus other methods such as DNA sequencing of conserved genes should be adopted.
